Air pollution, especially the haze problem caused by fine particulate matter (PM 2.5 ), has posed serious threat on human health and aroused increasing concerns from the public in recent decades. Of concern in indoor environments are adverse health effects and material damage. The indoor airborne pollutants are PMs (e.g. dander, dust, spray particles) or chemical, biological and radiological (CBR) contaminants or mixtures thereof.
1 Figure 1 shows the common airborne pollutants and their relative sizes.
Air filtration technology is the simplest and most common method for particle removal and air cleaning. According to a new report by Grand View Research, Inc., the global industrial air filtration market is expected to reach USD $6.08 billion by 2025. Among the existing air filtration technologies, there are two types of commonly used filtration media, which includes the porous film filter and the fibrous filter. 2 The porous film filter is prepared by creating very small pores on a solid substrate, which should have low porosity (<30%). Hence, this type of filter possesses a relatively high filtration efficiency but also with a massively large pressure differential. The fibrous filter is made of a pad of loosely packed fibres which are generally perpendicular to the direction of aerosol flow. The fibre diameters vary from several microns to tens of microns. The porosity of this type of filter is high (>70%), which endows the filter with a relatively high permeability for the air. However, there still remain some disadvantages of the fibrous filter, such as relatively low filtration efficiency, incapable of capturing submicron particles due to the micron-sized fibre diameter.
Electrospun nanofibrous filters have many fascinating characteristics, such as small fibre diameter, large open porosity and interconnected open pore structure. In addition, the peculiarities of electrospun nanofibre including intrinsic three-dimensional (3D) topography and easy-to-functional properties, 3 have attracted much interests in the electrospun nanofibre as a potential multi-functional filter material. A large amount of raw materials including polymers and ceramics have been fabricated to nanofibrous membranes via electrospinning, and they can be applied as air filters. This editorial paper highlights some newly emerging electrospun air filter medium and their application in indoor pollutants removal.
Electrospun composite filters for efficient PM removal
The fibrous filters based on single polymers usually do not demonstrate excellent filtration performance (such as filtration efficiency and air permeability), and these tend to lack some necessary properties, such as mechanical strength, flexibility, etc. Introducing another polymer component or specific additives would optimise the air filtration performance and can also create various types of excellent filtration media that would be applicable in different circumstances. 4 Electrospinning is an effective technique for composite filter fabrication. Some typical electrospun composite filters are listed in Table 1 , and their performances, in terms of PM collection efficiency and pressure differential, are also presented. 
Hierarchical structured filter
Layer lamination of fibrous membranes of different structure is a simple way to construct a hierarchical structured filter. A two-tier tortuously structured polyvinyl chloride/polyurethane polymer (PVC/PU) was fabricated via electrospinning. 5 The composite filter exhibited an excellent filtration performance (as shown in Table 1 ) as well as good mechanical properties with a relatively high tensile strength of 9.9 MPa and excellent abrasion resistance of 134 cycles. A threelayer filter was prepared with two woven carbon supporting layers and one polyimide (PI) nanofibres. 6 The composite filter could maintain high filtration efficiency and good mechanical properties after thermal treatment at 260
C. This is due to the excellent thermal and chemical stability of the PI nanofibres and the carbon fibres, and also due to the unique structure of the filter.
The hierarchical structured filter has a broad poresize distribution. The macropores of the material facilitate the airflow, while the mesopores and micropores are used to capture PMs with various sizes. Even if some pores are blocked by the PM, the continuous hierarchical pores can still ensure a low-pressure differential during long usage. Inspired by this idea, a sandwich-structured polyamide-6/polyacrylonitrile/ polyamide-6 (PA-6/PAN/PA-6) composite filter was created with large cavity structures formed by ultrathin (%20 nm) nanowebs and bead-on-string fibres. 7 The 2D PA-6 nanonets and PAN bead-on-string fibres can form a multilayer porous structures that improves filtration efficiency by 99.9998%, with a low-pressure differential of 117.5 Pa.
Electret filter
The electret filter is an excellent candidate for highperformance filtration medium due to its advantage in increasing filtration efficiency while keeping a lowpressure differential. The electret filter can retain quasipermanent charges and create an external macroscopic electric field around the fibres; thus, the electrostatic effect between particles and fibres could enhance the particle collection efficiency. Electrospinning can inject charges in situ during the evolution from polymer fluid to solid fibres and this is now a novel technique for electret filter fabrication.
The ongoing challenge encountered in the practical application of electrospun electrets is to improve their charge storage capacity and stability. Recently, the high dielectric constant of silicon nitride nanoparticles are incorporated with the high-resistivity material of polyvinyl butyral to electrospun electret filters. 8 The electret filter has robust charge stability towards water molecules and oily particles and could achieve a high filtration efficiency of 99.95%, low-pressure differential of 55.0 Pa and long-term PM 2.5 purification stability. Also, a novel electret filters using polyvinylidene fluoride (PVDF) as the matrix polymer and polytetrafluoroethylene nanoparticles as an inspiring charge enhancer could produce numerous charges and desirable charge stability. 9 The resultant fibrous membrane would achieve a high filtration efficiency of 99.972% (E), a low-pressure differential of 57 Pa and a satisfactory quality factor of 0.14 Pa À1 ; where QF ¼ -ln(1-E)/P. The compounding of materials with different dielectric properties is a possible development direction for electret filter materials in the future.
Reusable filter
A high-performance PM filter would not only require superior filtration efficiency but also desirable dust holding capacity. Reusable and self-cleaning electrospun filter can satisfy these requirements to create a long service life. The self-cleaning effect is usually achieved by a combination treatment of surface chemistry and roughness, which makes the water drops prone to roll off membranes surfaces and pick up dirt particles along the way. A superamphiphobic nanofibrous filter with superior antifouling properties was recently electrospun by incorporating a novel synthesised fluorinated polyurethane (FPU) into a functional PAN/PU composite nanofibrous membrane. 10 Significantly, these composite filters have relatively high tensile strength (12.28 MPa) and excellent air permeability (706.84 mm s
À1
). The introduction of low surface energy FPU enabled the PAN/PU composite membranes to show the superhydrophobicity with a water contact angle of 154 and superoleophobicity with an oil contact angle (OCA) of 151 . Due to the superamphiphobic property of these membranes, these membranes could improve filtration performance toward oil and non-oil aerosol particles and could achieve self-cleaning to some extent.
Electrospun filters for removal of CBR agents
Besides PMs, airborne CBR agents such as bacteria, volatile organic compounds (VOCs) and fungi in the air could also pose serious health threats to humans. Most of the CBR pollutants like pollen grains can be removed as a particulate agent. Other gaseous CBR agents like VOCs are commonly removed by physiosorption and chemisorption. Electrospun nanofibres have high surface area, strong Van der Waals interaction with gaseous pollutants and thus sound physiosorption capacity. Chemisorption is more selective, and it can be improved by imparting surface functionality and surface-active chemistry on fibres.
Antibacterial filtration
The antimicrobial filter commonly contains an agent that can inhibit the growth of bacteria, fungi and yeast. In the electrospinning process, the polymer nanofibres can be added with various inorganic additives such as Ag, Cu, CNTs and titanium dioxide (TiO 2 ), to obtain antibacterial performance. Ag is a non-toxic metal for humans, but it is the most toxic element for microorganisms. The electrostatic interaction between the positively charged silver ions and negatively charged bacterial cell wall would cause rupture of cell wall, resulting in the death of microorganisms.
Several PAN/Ag composite filters were electrospun in a research investigation and found that a 10-12.5 wt% of Ag was sufficient to achieve 99% bacterial filtration efficiency. 11 The combination of Ag with metal oxides has been found to enhance the antibacterial performance. A hybrid hydrophobic composite PVDF/Ag/ Al 2 O 3 showed a high antimicrobial efficiency of 99.66% and a sound chemical detoxification efficiency of 36.47%. 12 Here, we note that Al is also antibacterial active, but the activity is poorer than that of Ag.
In addition to inorganic nanoparticles, there are many environmentally friendly plant extracts that could be added into nanofibres membranes to realise antibacterial filtration. Among them, herbal extracts from Melaleuca alternifolia (tea tree) and Sophora flavescens have been developed to replace inorganic antimicrobial additives by virtue of their lower human toxicity. 13 A 6.11% S. flavescens extracts incorporating into the filter can achieve a filtration efficiency of 99.9% and an antimicrobial activity against Staphylococcus epidermidis of 99.98%.
Capture of VOCs
The absorption of VOCs is one of the most effective ways to reduce their concentrations in the indoor air. Materials used to absorb VOCs should have sufficient surface area and porosity. Therefore, electrospun nanofibres are good alternatives to the commonly used activated carbons. The electrospun nanofibres functionalised with cyclodextrin (CD) can effectively entrapped VOCs (aniline and benzene vapour). Experimental results showed that nanofibre membranes of PET, PET/a-CD, PET/b-CD and PET/c-CD could capture approximately 1300, 2600, 2600 and 3400 ppm of aniline, respectively, in an exposure time of 12 h. 14 Another feasible method to remove VOCs is the photocatalytic oxidation method. 15 The most commonly used catalyst for photocatalytic reactions is TiO 2 .
TiO 2 can be easily incorporated with various polymers to produce composite filters by electrospinning. The degradation efficiency of electrospun TiO 2 /nanofibre for the removal of acetone can be higher than 99% with a light source at UV-254 nm. 16 
Future perspectives
Healthy and comfortable indoor environments have received much attention in the past years. Currently, a large variety of air purification technologies are available for removing indoor air pollutants, and they have their advantages and disadvantages. The next generation filters for environmental applications are likely to be based on cost-effective and energy-saving nanofibre membranes. In our opinion, breakthrough technologies may come from the following two aspects.
(1) A comprehensive understanding of filtration mechanism: We need to understand the structure properties of filters and aerosols and also to characterise their chemical-physical properties (e.g. bio-aerosol, charging state). Efforts should be made to implement new technologies aimed at improving the filtration through electrostatic attraction. There may be necessary to mathematically optimise the parameters and find the right process-structure-properties correlations for filter media design. (2) Fibre technology development: Nanofibres should be further examined to determine feasibility in terms of fabrication methods, material properties and cost optimisation. The nanofibres with various functions such as anti-microbial and environmental compatibility would be major considerations.
Electrospinning is a promising versatile platform for nanofibre filters fabrication. Despite several studies being reported on the effectiveness of electrospun nanofibre membranes for air and gas filtration, there are still some challenges to their further optimisation and practical applications. Firstly, the mechanical properties of the electrospun nanofibrous filters should be enhanced to meet the practical requirements. The electrospun membranes in most cases cannot be used independently and need to be deposited on a nonwoven substrate. Secondly, the application of emerging electrospinning nanofibre technology has been slow in air filtration technologies. This is likely due to the relatively high cost of materials and the difficulty in largescale manufacture. In conclusion, electrospun filters for air filtration are good candidates for removing indoor air pollutants, and continuous efforts are expected to advance its practical applications.
